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In recent years several plant species have been in use as bioindicators and several tests have been developed to
evaluate the toxicity of environmental pollutants in vegetal organisms. In the present paper Arabidopsis thaliana (L.)
Heynh. (ecotype Wassilewskija) was used as bioindicators of two genotoxic substances: potassium dichromate and
dihydrophenanthrene. Inhibition of seed germination was observed with both pollutants. AFLP analysis (i) indicated
that both substances are genotoxic, (ii) showed that dihydrophenanthrene induces DNA changes in diﬀerent target
sequences than potassium dichromate, (iii) quantiﬁed the genotoxic eﬀect using cluster analysis by comparing DNA
from treated plants with that of control plants. On the basis of these considerations we suggest that AFLP method is a
powerful tool for measuring qualitative and quantitative genotoxic activity due to environmental pollutants. AFLP
method can be applied to a wide range of bioindicator organisms and may become a universal methodology to identify
target genes for speciﬁc genotoxic agents. This could open up possibilities for designing speciﬁcally targeted assays and
new approaches to risk assessment.
 2003 Elsevier Science Ltd. All rights reserved.
Abbreviations: PCR, Polymerase chain reaction; RAPD, Random ampliﬁed polymorphic DNA; RFLP, Restriction fragment length
polymorphism; AFLP, Ampliﬁed fragment length polymorphism
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In recent years, attention has been given to investi-
gating the occurrence of genotoxic agents in the envi-
ronment. The increasing concern of the general public
and of governments for the welfare of humans and
natural environments requires the assessment of new*Corresponding author. Tel.: +39-02-64482934; fax: +39-02-
64482992.
E-mail address: massimo.labra@unimib.it (M. Labra).
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doi:10.1016/S0045-6535(03)00367-9sensitive and eﬃcient methods for early detection of
environmental genotoxic risk. The diﬃculties arising
from direct chemical measurements of pollutants in the
ﬁeld and the interpretation of such measurements in
terms of bioavailability, have stimulated strong interest
in bioindicators and biomarkers (Lowry, 1995). Bioin-
dicators of contamination make it possible to detect
subtle forms of pollution that are hard to measure in the
ﬁeld. Plants are good bioindicators because (i) they play
a signiﬁcant role in food chain transfer and in deﬁning
habitat, (ii) they are easy to grow and adaptable to en-
vironmental stress, (iii) they can be used for assaying aghts reserved.
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In addition, it has been shown that for some chemical
agents, comparable results in terms of genetic abnor-
malities are obtained in plant or animal systems (Minissi
et al., 1997) and that plants are more sensitive to some
stressors (i.e. herbicides) than animals (Wang and Free-
mark, 1995). Furthermore, plant-based assays applied to
toxicity screening in the environmental ﬁeld would re-
duce animal sacriﬁce and testing costs. The use of plants
as bioindicators of genetic toxicity of environmental
pollutants has been reported in several studies (Grant,
1994; Knasmuller et al., 1998). Mutagenic activity of
chemicals has been analysed with diﬀerent plant systems
such as Allium cepa (Fiskesjo, 1997), Vicia faba (Koppen
and Verschaeve, 1996), Trifolium repens (Citterio et al.,
2002), and Tradescantia virginiana (Fomin et al., 1999).
Chromosome aberration assays, mutation assays, cyto-
genetic tests and speciﬁc locus mutation assays were
performed (Constantin and Nilan, 1982; Tardiﬀ et al.,
1994; Marcon et al., 1999) with these systems. The ad-
vantage of measuring the eﬀect of genotoxic chemical
directly on DNA is mainly related to the sensitivity and
the short response time. Recently, enormous advances
and developments in molecular biology have provided
new ways of detecting DNA damage (Conte et al., 1998;
Savva, 2000; Citterio et al., 2002). Following the original
description of the PCR (Mullis and Faloona, 1987),
modiﬁcations were described enabling the generation of
DNA ﬁngerprints which have been used to screen for
biodiversity (Karp et al., 1998).
In this paper we evaluated the application of AFLPs
as molecular marker to detect DNA damage in Ara-
bidopsis thaliana (L.) Heynh. caused by environmen-
tal pollutants. Results showed that AFLP technique is
a powerful tool for screening DNA damage induced
by non-lethal levels of organic and inorganic contami-
nants.Table 1
Sequences of primers usied for AFLP analysis
Name DNA sequence
E01 50-GACTGCGTACCAATTC-30
M01 50-GATGAGTCCTGAGTAAA-30
E32 50-GACTGCGTACCAATTCTG-30
E33 50-GACTGCGTACCAATTCAG-30
E34 50-GACTGCGTACCAATTCAA-30
E37 50-GACTGCGTACCAATTCCC-30
M36 50-GATGAGTCCTGAGTAAACC-30
M38 50-GATGAGTCCTGAGTAAACT-30
M40 50-GATGAGTCCTGAGTAAAGC-302. Materials and methods
2.1. Plant material and seed germination text
Arabidopsis thaliana (L.) Heinh (ecotype Was-
silewskija) was used as plant material in this study. Ex-
periments were conducted on seed for germination tests
and on plants for AFLP analysis.
Dry mature Arabidopsis seeds where soaked in water
at 4 C for three days before being seeded on Petri dishes
containing a ﬁlter paper of 90 mm diameter and in the
presence of distilled water or increasing concentrations
of potassium dichromate (2, 4, 6 mg/l) and dihydroph-
enanthrene (25, 50, 100 mg/l). The seeds were incubated
in a growth chamber at a temperature of 25 C. As a
control, 100 seeds were incubated under the same con-
ditions without pollutants. After 6 days in the dark, thegerminated seeds were counted. Tests were performed in
triplicate.2.2. DNA extraction and AFLP analysis
Arabidopsis thaliana (L.) Heynh. seeds were treated
with potassium dichromate (6 mg/l) or dihydrophe-
nanthrene (100 mg/l) and were incubated as described in
the germination test. After 6 days incubation, a pool of
200 shoots were collected, ground under liquid nitrogen
and the DNA was extracted using DNeasy Plant Mini
Kit (QIAGEN). Puriﬁed DNA concentration of each
sample was estimated both ﬂuorometrically and by
comparison of ethidium bromide-stained band intensi-
ties with k DNA standard.
AFLP was performed as described in Vos (Vos et al.
(1995)), except that genomic DNA (200 ng) was digested
(3 h) with the restriction enzymes EcoRI (1 U) andMseI
(1 U). DNA fragments were ligated (with T4 DNA-lig-
ase) to EcoRI adapter (5 pmol) and MseI adapter (50
pmol) in a ﬁnal volume of 50 ml. Ligation reaction was
performed at 37 C for 6 h. This mixture was used as
template in the pre-ampliﬁcation reaction containing
DNA primers (E01 and M01 of Table 2) complementary
to the core of the EcoRI and MseI adapter, respectively.
The 50 ll ampliﬁcation mixture contained 20 ll of
digested/ligated DNA, 50 ng of the selected primers, 200
ll of each dNTP, 0.5 U Dynazyme II (Celbio, Italy) and
5 ll Dynazyme buﬀer. After 2 min at 94 C, ampliﬁca-
tion was carried out for 20 cycles of denaturation (45 s at
94 C), annealing (30 s at 60 C) and extension (1 min at
72 C). After a ﬁnal extension step (7 min at 72 C) the
pre-ampliﬁctaion product was diluted at 1:50 with water
and used for selective ampliﬁcation. This was carried out
using one of the selective primers (E32, E33, E34 or E37
of Table 1) complementary to the EcoRI adapter and
one of the primers (M 36, M38 or M40 of Table 1)
complementary to the MseI adapter. The EcoRI-primer
was end-labelled with c33P-ATP (Amersham, Italy). The
ampliﬁcation mixture (20 ll, ﬁnal volume) contained 5
ll of the pre-ampliﬁcation mixture, 5 ng of labelled
EcoRI primer, 30 ng of MseI primer, 200 ng of each
Fig. 1. Seed germination test conducted on Arabidopsis thaliana
(L.) Heynh. seed by diﬀerent concentrations of potassium di-
chromate (A) and dihydrophenanthrene (B), respectively. The
experiments were conduced in triplicate.
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nazyme buﬀer. After 2 min at 94 C, ampliﬁcation took
place for 36 cycles under the following conditions: de-
naturation for 30 s at 94 C; annealing for 30 s at 65 C
for ﬁrst cycle, followed by lowering of the temperature
(0.7 C) in the next 12 cycles, then at 56 C for the re-
maining 23 cycles; extension for 60 s at 72 C. A total of
1.5 ll of the PCR-ampliﬁed mixture was added to an
equal volume of loading buﬀer (80% formamide, 1 mg/
ml xylene cyanol FF, 1 mg/ml bromophenol blue, 10 M
EDTA, pH 8.0), denatured for 5 min at 92 C, loaded
onto a 5% denaturing polyacrylamide gel and electro-
phoresed in TBE electrophoresis buﬀer for 3 h at 80
Watt. The gel was ﬁnally ﬁxed in 10% acetic acid and
exposed to an X-ray ﬁlm for 24 h. Polymorphic bands
were scored by visual inspection of the resulting auto-
radiograms. For statistical analysis, each AFLP band
detected after electrophoresis of the DNA ampliﬁcation
products was scored as a binary character for its absence
()) or presence (+). Two genotypes were being consid-
ered similar (þþ ¼ a;  ¼ d) or diﬀerent ( or  ¼ b
and c, respectively). The algorithm used to deﬁne genetic
diﬀerences (GD):
GD ¼ 1 SM;
where SM is simple matching coeﬃcient (Sokal and
Michener, 1958) computed as,
SM ¼ aþ d=aþ bþ cþ d:
The matrices of similarity were then analysed using
UPGMA cluster method to obtain dendrogram (Flury,
1988). Data were analysed with the NTSYS-pc version
2.1 computer software.
In addition for each substances, a percentage of
polymorphism (Pð%Þ) was computed as:
Pð%Þ ¼ (number polymorphic bands/total detected
bands)	 100.3. Results
3.1. Seed germination test
The inhibition of seed germination in response to
environmental pollutants was evaluated by treating seeds
with diﬀerent concentrations of dihydrophenanthrene
and potassium dichromate solutions. Results were ex-
pressed as number of seeds germinated (Fig. 1). Data
obtained suggested that both substances caused seed
germination inhibition. In particular, the organic sub-
stance (dihydrophenanthrene) inhibited 85% of seeds
starting from the second treatment concentration (50
mg/l) while the potassium dichromate (inorganic sub-
stance) caused 75% inhibition of seed germination at the
maximum concentration (6 mg/l).These data indicated that both substances considered
are toxic agents for plants as described in literature (De
Flora et al., 1990; Susa et al., 1997; Dellagreca et al.,
2000).
3.2. AFLP analysis
With the aim of verifying the genotoxic eﬀect of these
substances and quantifying DNA damage, AFLP anal-
ysis was performed on DNA extracted from plants
treated with both pollutants at maximum concentra-
tions. Four diﬀerent primer pairs were used for AFLP
analysis. A representative example of the results ob-
tained by AFLP analysis is shown in Fig. 2 whilst Table
2 summarizes data obtained for each primers pair. A
total of 231 bands were observed, 29 of these were poly-
morphic for potassium dichromate-treated plants, and
22 for dihydrophenantrene-treated plants. Value of poly-
morphisms was Pð%Þ ¼ 12:5% for potassium dichromate-
treated plants and Pð%Þ ¼ 9:5% for dihydrophenanthrene
treated-plants.
In addition, results showed that both environmental
pollutants induced DNA changes (mutation) but in
diﬀerent target sequences (Fig. 2).
Dendrogram of Fig. 3 is a possible graphical repre-
sentation of AFLP data obtained. A dendrogram con-
sists of many U-shaped lines connecting objects in a
hierarchical tree; the height of each U represents the
Fig. 2. Examples of AFLP pattern obtained comparing DNA
from control (C) and treated (D) dihydrophenanthrene or (P)
potassium dichromate plants, using two primer combinations:
E34-M36 and E33-M38.
Fig. 3. Dendrogram, computed with SM index, deﬁning genetic
diﬀerences due to DNA sequence changes, between control (C)
and (D) dihydrophenanthrene or (P) potassium dichromate-
treated plants.
Table 2
Number of ampliﬁed bands and polymorphic bands detected
with each primer combination used in AFLP analysis
Primers pair Total bands Polymorphic
bands
E32-M36 83 14
E33-M40 50 12
E37-M38 43 13
E34-M36 45 12
Total 231 51
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the diﬀerences between each other. In our analysis the
dendrogram showed the relationship between treated
samples in comparison with control plant. This statisti-
cal analysis allows the DNA damage induced by two
diﬀerent substances to be quantiﬁed. We can concludethat at the concentration of pollutants used in our work,
a greater genotoxic eﬀect was observed for the inorganic
substance (potassium dichromate) than for dihydroph-
enanthrene organic contaminant. In addition, a diﬀerent
polymorphic proﬁle was obtained from diﬀerent sub-
stances as showed in Fig. 2 and suggested from the
dendrogram; these considerations indicated that DNA
damage is diﬀerent for each substance.4. Discussion
The basic aim of biomonitoring is to supply data for
an eﬀective practical ecological control system. In par-
ticular, biomonitoring should act as an early warning
system providing information about the seriousness of
the pollution by sensitive assays. It is important espe-
cially for existing or potential contaminant-related
genotoxic problem assessment, since most polluting
substances have shown genotoxic eﬀect (Casarett et al.,
1995). In this regard, since the measurement of bioin-
dicator response at lower biological organisation levels
seems to be more sensitive to stressor eﬀects than mea-
surement at higher level, the best way to determine the
concentration of a genotoxic substance should be by
direct quantiﬁcation of the genotoxic eﬀect, i.e. DNA
damage.
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dihicromate) and organic (dihydrophenanthrene) sub-
stances were investigated with the main model plant
being Arabidopsis thaliana (L.) Heynh.
Several papers described the genotoxic eﬀect of heavy
metals and several organic substances in plants, based on
comet assay or in micronucleus assays (Shaw et al., 1995;
Camatini et al., 1998; Steinkellner et al., 1998). These
approaches did not clarify the molecular mechanisms
that induced DNA damage and are there as speciﬁc
DNA target sequences. In this work AFLP approach was
applied to evaluate genotoxic eﬀect of potassium di-
chromate and dihydrophenanthrene on Arabidopsis
thaliana (L.) Heynh. plants. In the case of chromium, it
exists in the environment as two states, Cr3þ and Cr6þ.
This element and its salts have found a wide range of
application in the chemical industry, artistic paints, anti-
corrosive paints, electroplating and stainess steel welding
(Nieboer and Show, 1988). Hexavalent chromium
(Cr6þ), which exists as an oxyanion at physiological pH,
is the most potent toxic compared with the trivalent form
of chromium (Cr3þ). The main toxic eﬀects induced by
Cr6þ in humans are lung cancer, neurological alteration,
skin burns, and dypnea. Chromium genotoxicity is
manifest as gene mutations and DNA lesions (Singh
et al., 1998). On the other hand the mechanism of di-
hydrophenanthrene-induced DNA damage is still un-
known because very few studies have been conducted on
this organic substance. An anti-algal activity was de-
scribed for dihydrophenanthrere (Dellagreca et al., 2000)
but the eﬀect on other plants was unknown.
In our work the seed germination tests showed a
toxic eﬀect for both substances considered but did not
clarify the target (biological membrane, protein, DNA)
of two diﬀerent substances. Using AFLP analysis, more
polymorphic bands were detected with both substances
treated. This suggests that dihydrophenanthrene as well
as potassium dichromate has a genotoxic eﬀect and that
both substances induced DNA mutation. AFLP proﬁle
has shown that the sequence target of the two pollutant
agents considered was diﬀerent. This suggests that the
genotoxic eﬀects are directed to diﬀerent target genes.
We conclude that AFLP is a powerful molecular
marker for screening DNA damage induced by non-
lethal levels of organic and inorganic contaminants.
Comparing AFLP approach with classic assay i.e.
comet micronucleus test, several important diﬀerences
can be underlined: (i) AFLP is a universal animal, plant
and bacterial methodology. In the case of comet assays,
a diﬀerent approach can be developed for nuclei ex-
traction from diﬀerent types of organisms, (ii) AFLP
approach oﬀered the possibility of screening DNA
damage in speciﬁc sequences. On the contrary comet
assay or micronucleus analyse total nuclear DNA and
not single sequences, (iii) AFLP as well as RFLP or
RAPD are more sensitive than classic genotoxic testsbecause molecular tools could evidence a single DNA
mutation.
AFLP allows simultaneous analysis of a large num-
ber of loci in a single assay and provides stable and re-
producible patterns of band ampliﬁcation compared to
other molecular tools such as RAPD or RFLP. On this
basis, AFLP is a new powerful tool for assessing DNA
sequence alteration induced by environmental pollu-
tants.
We underline that our work is a preliminary experi-
ment conducted on a pool of Arabidopsis thaliana (L.)
Heynh. plants and we cannot clarify the mechanisms
of DNA damage. On the basis of AFLP analysis two
possible mechanisms are hypothesized: DNA random
breaking or mutation in the target sequences of AFLP
enzymes (MseI and EcoRI). To verify this hypothesis
AFLP methodology could be applied to single plants in
many repetitions and in speciﬁc plants tissue to evaluate
the eﬀect of genotoxic substances on diﬀerent plant
organs.
A further consideration is that changes in the DNA
ﬁngerprints may be used to identify target genes for
particular genotoxic agents. For example, it is worth
investigating which particular DNA bands always ap-
pear or disappear when an Arabidopsis thaliana (L.)
Heynh. plant is exposed to a particular agent. Charac-
terisation of these DNA molecules using DNA se-
quencing techniques may enable the identiﬁcation of
speciﬁc sequences that are hotspots for mutation by
particular agents; this will open up possibilities of de-
signing speciﬁc assays for detection of speciﬁc agents.
Finally, further application of the DNA ﬁngerprint-
ing procedures discussed here may help explain the
presence in the genome of preferential mutation points.References
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